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Abstract
We present first principles study of thermoelectric transport properties of sandwiched heterostructure of
Graphene (G)/hexagonal Boron Nitride (BN)/G, based on Boltzmann transport theory for band electrons
using the bandstructure calculated from the Density Functional Theory (DFT) based plane-wave method.
Calculations were carried out for three, four and five BN layers sandwiched between Graphene layers with
three different arrangements to obtain the Seebeck coefficient and Power factor in T ∼ 25 − 400K range.
Moreover, using Molecular Dynamics (MD) simulations with very large simulation cell we obtained the
thermal conductance (K) of these heterostructures and obtained finally the Figure-of-Merit (ZT ). These
results are in agreement with recently reported experimental measurements.
Keywords:
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1. Introduction
The study of thermoelectric transport in nano-
materials has been a topic of intensive research in
recent years [1, 2, 3]. Nanomaterials in the form
of compound semiconductors, semiconductor multi-
layers and superstructures offer possibilities to ex-
hibit enhanced thermoelectric Figure-of-Merit (ZT )
caused by the simultaneous decrease in thermal con-
ductivity (κ) and increase in electrical conductivity
(σ) of the material. This has lead an intensive ef-
fort to search for novel materials useful for energy
research.
Graphene (G) and Hexagonal boron nitride (h-BN)
atomically layered architectures are potential candi-
dates for device applications. 2-D graphene transis-
tors based on lateral heterobarriers have been pro-
posed and investigated from the theoretical point of
view [4, 5], which were motivated by the first experi-
mental success in realizing G-BN lateral heterostruc-
tures [6]. Based on simulation studies, vertical heter-
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obarrier graphene transistors have also been proposed
[7], [8]. Britnell et. al. [9] have reported a prototype
field-effect tunneling transistor with atomically thin
boron nitride acting as a vertical transport barrier.
In addition to electron transport, heat dissipation in
these graphene based heterojunction devices is found
to be dominated by vertical heat transfer [10, 11].
Recently Chen et al [12] have reported thermoelec-
tric transport measurements across G/h-BN/G het-
erostructure with multiple h-BN layers. Based on
the observed thermoelectric voltage and temperature
gradient, they have obtained a Seebeck coefficient
(S) of –99.3 µV/K and Thermoelectric Power Fac-
tor (S2σ) of 1.51×10−15 W/K2 for the heterostruc-
ture device, respectively. From the thermal transport
measurements of Jo et al [13], thermal conductivity
of multilayers of h-BN was obtained and finally the
Figure-of-merit (ZT ) of G/h-BN/G heterostructure
was estimated [12] to be 1.05×10−6.
Quantum transport in trilayers G/h-BN/G and h-
BN/G/h-BN have recently been investigated theoret-
ically by Zhong et al [14], predicting a metal like
conduction in low-field regime. Thermoelectric trans-
port in G/h-BN nanoribbons have been studied us-
ing non-equilibrium Green’s function method [15] for
different thickness of h-BN and Graphene domains.
Thermal transport was studied by Kinaci et al [16]
in G/h-BN nanoribbons using equilibrium molecular
dynamics simulation. However, a complete study of
thermoelectric transport in G/h-BN/G heterostruc-
tures with multilayer h-BN and comparison to exper-
imental data [12] is apparently not available.
In this paper we report a computational study
of the thermoelectric properties of sandwiched het-
erostructures of Graphene and h-BN. We have used
density functional theory (DFT) based electronic
structure method and Boltzmann transport theory
for the band electrons to calculate the electrical con-
ductivity (σ) and Seebeck coefficient (S). A large-
scale equilibrium molecular dynamics (MD) simula-
tion using Green-Kubo formalism [17, 18] at constant
temperatures was used to compute thermal conduc-
tivity (κ) of these heterostructures at various temper-
atures. Our calculations allow us study of electrical
and thermal transport in the directions parallel and
normal to the plane of G/h-BN/G and thus permits
a direct comparison of our simulation results to the
experimental data. Our calculations show that for
certain configuration of the heterostructured nano-
materials the Power factor and Figure-of-merit (ZT )
are close to recent measurements [12]. Moreover, our
calculated κ for the multilayers and bulk h-BN shows
a qualitative agreement with recent experimental re-
sults of Jo et al [13]. Calculated κ along orthogonal
directions in planar G/h-BN striped heterostructures
also quantitatively agree with previous calculations
[16].
2. Method of Calculation
All the electronic structure calculations were car-
ried out using Density Functional Theory (DFT)
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based plane-wave method, as implemented in the
Quantum Espresso code [19], using an orthorhom-
bic unit-cell. The generalized gradient approxi-
mation (GGA) [20] was used for the exchange-
correlation potential and the ultrasoft pseudopoten-
tial [21] was used to describe the core electrons. Self-
consistent calculations were performed using a con-
verged MonkhorstPack k-point grid [22] of 48×48×2
with a plane wave basis with kinetic energy cutoff of
40Ry and charge density energy cutoff of 160Ry, re-
spectively. The periodically repeated unit cells are
separated by a vacuum spacing of 22A˚ along the z-
direction. This is reasonable since, the widths are
typically 104 times larger than the height of the sam-
ple [13]. We have considered Van der Waals inter-
action [23, 24] between the layers. For one h-BN
layer sandwiched between two graphene layers, we
have minimized the total energy and pressure to get
a lattice constant of 2.48A˚ and interlayer distance of
3.21A˚. h-BN layers were added at a distance of 3.21A˚
above the previous layer. It should be noted that ad-
dition of layers does not change the pressure of the
unit cell. As it has been shown that the AB stacking
is the most stable [25] the h-BN layers were fixed to
the AB stacking while graphene sheets were changed
as shown in fig(1).
2.1. Electrical Conductivity and Thermopower
To calculate the transport properties, we have used
the semi-classical Boltzmann transport theory ap-
plied to band electrons as implemented by the Boltz-
Figure 1: Supercells of G/h-BN/G heterostructures with three
(left), four (middle) and five (right) h-BN layers showing three
different types of arrangement of Graphene and h-BN layers.
The numbers indicate thickness of the heterostructures in A˚.
trap code [26]. The transport parameters are ob-
tained from the group velocity vα(i,k) of the band
electrons, referring to the ith energy band and the
α th component of the wavevector k, from the band
dispersion (i,k) as,
vα(i,k) =
1
h¯
∂εi,k
∂kα
(1)
The electrical conductivity tensor is then written
as,
σαβ(T, µ)
τ
=
1
V
∫
e2vα(i,k) vβ(i,k)[
−∂fµ(T, )
∂
]d (2)
Here, fµ is the Fermi-Dirac distribution function, V is the
sample volume and τ is the electron relaxation time, which
depends on the electron-electron interaction and e is the elec-
tronic charge. Though one would expect that τ would depend
on both the band index and k, detailed studies [27, 28] have
shown, to a good approximation τ could be independent of
direction. Above relation was used to calculate temperature
dependent resistivity of two-dimensional CBN nanomaterials
recently [29].
The Seebeck coefficient tensor is expressed as,
Sαβ(T, µ) =
1
eT
∫
vα(i,k)vβ(i,k)(− µ)[−∂fµ(T,)∂ ]d∫
vα(i,k)vβ(i,k)[
−∂fµ(T,)
∂
]d
(3)
Calculated bandstructure of G/h-BN/G heterostructure [30]
indicates that this material is a narrow band gap semiconduc-
tor with a band gap ∼ 0.05 eV. For the electrical transport
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around the energy gap, one can obtain a simpler form of the
Seebeck coefficient in Eq. 3, by using the Sommerfeld expan-
sion, to obtain,
S = −pi
2k2BT
3e
d
dE
[ln σ(E)]. (4)
Above relation is known as the Mott formula [31], where kB
is the Boltzmann constant. The Power factor is defined as S2σ
and the Figure of merit is defined is defined as
ZT =
S2σT
κ
, (5)
where κ is the temperature dependent thermal conductivity.
2.2. Thermal Conductance
In order to obtain the instantaneous heat current (J) as a
function of time, one can employ equilibrium molecular dy-
namics simulations. Moreover, using this heat current, ther-
mal conductivity κ can be evaluated by using the Green-
Kubo method [17, 18] or the Einstein relation [32]. De-
tailed calculations using the latter method have been reported
[33, 34, 35, 36, 37]. Here we adopt the Green-Kubo method
as implemented in the code LAMMPS [38]. Thermal conduc-
tivity is defined as the coefficient that links the macroscopic
heat current to the temperature gradient, J = −κ5 T . The
formula for κ by Green Kubo is given by,
κ =
1
3V kBT 2
∞∫
0
〈J(0)J(t)〉dt, (6)
where V and T are the volume and temperature. The factor 3
accounts for averaging over the 3 dimensions and the angular
brackets refers to the average over time. The macroscopic heat
current is given by,
J(t) =
∑
i
viei +
1
2
∑
i<j
rij
(
Fij · (vi + vj)
)
, (7)
where vi and ei are the velocity and site energy of particle
i. Fij is force on the atom i due to its neighbor j from the
potential.
Molecular dynamics (MD) simulations were performed first
in microcanonical ensemble (NV E) and then the Nose´-Hoover
(NV T ) ensemble. The constant temperature NV T ensemble
requires an additional frictional term [39] to be introduced in
Eq 7. To ensure energy conservation of the system, MD simu-
lations were carried out with a time step of 1fs. Five different
initial uniform seed velocities were used for the simulations.
The value of κ was obtained by averaging over these runs using
the standard deviation as the error bar. Preliminary calcula-
tions with different number of atoms showed that the standard
deviation (error bar) was small when the number of atoms in
the simulation cell were around 40000. Therefore, in all MD
runs we used simulation cells containing around 40000 atoms.
The results of MD simulations are shown in the next section.
We used the Tersoff potential based force field [40], as ob-
tained for h-BN by Sevik et al. [34], and for graphene by
Lindsay et al. [41]. The Tersoff-parameters for the B-C and
N-C bonds were taken from Kinaci et al [16]. To examine
this Tersoff-type potential implemented in LAMMPS, we re-
produced the results of Kinaci [16] for the thermal conduction
in two-dimensional G/h-BN stripes by calculating the perpen-
dicular and parallel components of the thermal conductivity
in the plane of G/h-BN both for the zigzag and armchair in-
terfaces between Graphene and h-BN domains. Our calcu-
lated value of κ/κ0, κ0 being Thermal Conductance of pris-
tine Graphene, compares very well with recent results obtained
from non-equilibrium Greens function method [15].
3. Results and Discussions
3.1. Electrical Conductance and Thermopower
The relaxation time for G/h-BN/G heterostructures are not
known but are typically in the order of 10−14sec. Hence the
numerical value used here is 1 × 10−14sec. Calculations were
performed for all topologies as shown in Fig 1 but the results
are almost identical except for a small change in Fermi energy
(EF ). We therefore report Seebeck coefficient, Power Factor
and Figure of Merit for only a specific arrangement as shown
in Fig.2 a3,b3,c3. Fig. 2 and 3 refers to the Seebeck coefficient
and power factor of G/h-BN/G heterostructure having 5 BN
layers as shown in Fig.2 c3.
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Figure 2: Calculated Seebeck coefficient of G/h-BN/G plot-
ted against energy using the Mott’s formula using equation 4
at various temperatures. The black horizontal line refers to
the experimental value at T=300K [12]. The inset shows the
Seebeck coefficient plotted against Temperature at a constant
chemical potential.
Though the band gap of G/h-BN/G heterostructure is
formed due to h-BN, the Fermi level does not shift since the
number of boron atoms is equal to the number of nitrogen
atoms. Further, since boron is an acceptor whereas nitrogen
is a donor, the total number of charge carriers n remains the
same as that in graphene and hence the conductance at low
temperatures, which is essentially proportional to
√
n is essen-
tially that of graphene [42]. We therefore expect that the form
of S, which depends only on conductivity, to have a similar
form as that of graphene. In Fig. 2 we see that, as expected,
the form of S is that of graphene. However, at very low tem-
peratures the Seebeck coefficient has a flat region around the
Fermi energy which is due to the band gap.
In the 40K - 300K temperature (T ) range it is seen that the
conductivity decreases as T increases. Therefore S increases
as T increases as seen in the inset of Fig 2, where we plot S
as a function of T at constant chemical potential. The linear
dependence of S on T suggests that the mechanism for ther-
moelectric generation is diffusive thermopower [43]. S > 0
for chemical potentials lower than the Fermi energy, S = 0
at Fermi energy and S < 0 for values greater the Fermi en-
ergy. The sign of S indicates the sign of the majority charge
carriers. This is also observed experimentally when the gate
voltage crosses the charge neutrality point (CNP). S = 0 at
the CNP. We thus see a direct correspondence between chem-
ical potential and gate voltage. Thus, the gate voltage can
tune the chemical potential. As seen in Fig 2, the chemical
potential changes sign at the Fermi level. The effect of chem-
ical potential on S can thus be demonstrated by tuning the
chemical potential (Fermi energy EF ).
We would like to mention that we have calculated the the
components of σ along the cartesian axes, with z-axis being
normal to the plane of the G/h-BN/G heterostructure, shown
in [30]. Then using the Mott’s formula 4 we obtained the See-
beck coefficients along the principal directions [30]. We have
obtained a finite Sz near the Fermi energy which contributes
to the total Seebeck coefficient which could be due to periodic
boundary condition. We feel that the electrical conduction
along the z-axis should include contributions also from the
other two principal directions, as planar Graphene is used as
the contact on both sides of multi-layer h-BN in the experiment
[12].
-0.4 -0.2 0 0.2 0.4
E-EF(eV)
0
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6e-15
8e-15
1e-14
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σ
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/K
2 )
G-5BN-G
G-4BN-G
G-3BN-G
Figure 3: Calculated Powerfactor for different layers in G/h-
BN/G. The black horizontal line refers to the powerfactor
which corresponds to the chemical potential that yields the
experimental Seebeck coefficient by Chen et al [12].
Experimentally the Seebeck coefficient of G/h-BN/G was
5
measured by applying a temperature gradient between the top
and bottom Graphene layers using Raman spectroscopy [12].
For a temperature gradient ∆T = 39 K at a constant thermo-
electric voltage ∆V = 4mV, they obtained S = −99.3µV/K.
This method was employed by Chen et al [44] to measure the
Seebeck coefficient of G/h-BN. To compare our calculations
with that of Chen et al [12] we fixed the chemical potential
corresponding to the experimentally measured S as shown in
Fig. 2. The power factor for the three different arrangements
of G/h-BN/G heterostructures are shown in Fig. 3. The chem-
ical potential which corresponds to that of the gate voltage of
Chen et al [12] has been shown by the black dotted line.
3.2. Thermal Conductance
3.2.1. G/h-BN Planar striped heterostructure
Figure 4: Calculated parallel and perpendicular components
of thermal conductivity of h-BN/Graphene planar striped het-
erostructures with zigzag and armchair interfaces between G
and h-BN domains plotted against the width of the domains.
For comparison calculations by Kinaci et al. [16] are also
shown. The inset shows the atomic arrangements in each in-
terfaces.
In order to test the equilibrium MD method [38] for the cal-
culation of thermal conductivity, we first calculated κ for two-
dimensional striped heterostructures of Graphene and h-BN
with both armchair and zigzag interfaces between Graphene
and h-BN domains at T = 300K, shown in Fig. 4. The error
bars in our calculation are estimated from five different sets of
MD runs with different random initial velocities. For compari-
son we also show the previous calculations by Kinaci et al [16]
in the same figure. Our simulation results for κ, both parallel
and perpendicular to the crystal edges as shown in the inset,
compare quite well with previous calculations [16].
We have also compared the ratio κ/κ0, κ0 being thermal
conductivity of pristine Graphene, and obtained this to be
0.3203 for the zigzag and 0.3273 for the armchair interfaces,
respectively. These results are in excellent agreement with
calculations performed using non-equilibrium Green’s function
method for Graphene and h-BN nanoribbons [15]. Therefore,
the use of Tersoff potential based force field was found to be
satisfactorily applicable for the thermal transport simulations
in Graphene and h-BN based heterostructures. The calculated
κ for G/h-BN/G heterostructures for different sample thick-
ness are given in Fig 6 at different T .
3.2.2. Bulk and multilayers of h-BN
In Fig 5 we show the results of thermal conductivity as
a function of the temperature (25-400K) calculated from the
equilibrium MD simulation at constant temperature (NV T
thermostat)for pure h-BN 5-, 11-layers and bulk, and com-
pared with the available experimental results of Jo et al [13].
For each calculation, the system was thermalized to the desired
temperature first for each set of initial uniform distribution of
velocities. κ was calculated for five different sets of initial ve-
locities and the error bar was estimated from the standard
deviation.
We found κ increases with T and tend to saturate at
T ∼ 220K for each samples of h-BN, with results for 11-layer
tending towards the bulk value. Moreover, for each of the three
samples of h-BN multilayered films, κ shows maxima in the
temperature region of 200-250K. We observed an overall agree-
ment of our MD simulation results with recent experimental
measurements [13]. For 11-layer and bulk h-BN samples the
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agreement between the simulation and experimental data is
better in temperature range 25-300K, whereas for the 5-layer
sample the MD results seem to agree only in the temperature
range 100-250K.
50 100 150 200 250 300
T(K)
100
1000
κ
 (W
 m
-
1 K
-
1 )
11 layer (expt)
5 hBN (expt)
hBN-Bulk (expt)
Figure 5: Calculated temperature dependence of the thermal
conductivity of h-BN layers of different thickness. Experimen-
tal results [13] are shown as squares and present calculations
as circles. The error-bars are calculated from five different sets
of calculations using different seeds.
Recently, several calculations have been reported on ther-
mal conductivity of single-layer h-BN [45, 46, 47]. Transport
calculations by Lindsay et al [45] and Ouyang et al [47], which
were calculated from the phonon spectrum using the phonon
Boltzmann transport equation, indicate that κ shows a max-
ima around T ∼ 150K and decreases with T . Mortazavi et al
using MD simulations have reported κ monotonically decreas-
ing with temperature, however all reported values are for tem-
peratures greater than 200K. Our calculated κ for single-layer
h-BN shows a monotonic decrease with T , not shown here.
The numerical value of κ and its variation with T depends
on the direct and Umklapp phonon-phonon scattering mecha-
nism [45] and also on the lifetime of such processes. We plan
to investigate these effects using phonon Boltzmann transport
theory from the phonon bandstructure later.
3.3. Thermal Conductance, Power Factor and
Figure-of-merit of G/h-BN/G Heterostructures
The calculated thermal conductance (K), Power Factor
(S2G) and the Figure-of-merit (ZT ) of G/h-BN/G Het-
erostructures with three-, four- and five-layers of h-BN at the
fixed chemical potential has been shown in Fig 6. The chem-
ical potential was fixed to obtain the experimentally observed
Seebeck coefficient of -99.3 µV/K as shown in Fig 2. Note,
we have plotted the thermal conductance in Fig 6, obtained
by multiplying the thermal conductivity (κ) with the height of
the G/h-BN/G heterostructure as indicated in Fig 1. Similarly,
for the Power Factor (S2G), we have taken G as the electrical
conductance, so that ZT becomes a dimensionless quantity.
It can be seen from Fig 3 that as we increase the number of
layers, the power factor increases whereas the thermal conduc-
tivity decreases with temperature. As a result the power factor
increases with temperature. For G/h-BN/G heterostructures
having 4- and 5-layers, our calculated values agree well with the
experimental results as the temperature tends towards room
temperature. From equation 5, the Power factor and Figure of
Merit will have the same characteristics when plotted against
energy at a given temperature, since κ is a function of only
temperature.
We would like to emphasize that our calculations involve
electrical transport not strictly along the vertical direction, be-
cause the Boltzmann transport theory yields smaller contribu-
tions to electrical conductivity along that direction compared
to those along x- and y-directions. We have calculated the z-
component of the Seebeck coefficient (Sz) [30] and found this
to be finite and comparable to Sx and Sy close to the Fermi en-
ergy. However, this could be due to the periodic boundary we
have implemented also along z- directionwith a vacuum of 22A˚
between the sandwiched layers. The total Seebeck coefficient S
shown in Fig 2, however, shows a quantitative agreement with
the experimental data [12]. Thus, we conclude that in the
thermoelectric measurements [12] the electrical transport may
not be strictly along the z-direction as the upper and lower
Graphene contacts with multilayer h-BN would allow trans-
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Figure 6: Calculated temperature dependence of Thermal
Conductance (K), Power Factor (S2G) and the Figure-of-merit
(ZT ) of h-BN layers of different thickness shown in the left,
middle and right panels; respectively. The available experi-
mental data [12] in each panel at 300K is also indicated.
port channels involving components along x- and y-directions
as well. A good quantitative agreement with experimental data
also supports above conclusion.
4. Summary
We have shown that for three, four and five BN layers
sandwiched between Graphene layers, the Boltzmann trans-
port theory gives accurate results for the power factor and
the Figure-of-merit, comparable to the experimental data. We
have also shown that for sufficiently large number of atoms,
MD simulations using the Tersoff type potential yields results
in good agreement with experiments for thermal conductance
of multilayer h-BN, laterally grown striped Graphene and h-
BN two-dimensional heterostructures and sandwiched films of
Graphene and multilayered h-BN, using the equilibrium Green-
Kubo method. Our calculations may be extended to include
phonon bandstructure based transport calculations and using
non-equilibrium Green’s function based methods.
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